The effect of EuCl 3 on the aggregation processes of sodium dodecyl sulfate was investigated. Electrical conductivity data, combined with Eu(III) luminescence measurements, suggest that the formation of micelles involving EuCl 3 and SDS occurs at low SDS concentration; the formation of these mixed aggregates was also monitored by light scattering, which indicates that the addition of EuCl 3 to SDS concentration at values below the critical micelle concentration of the pure surfactant results in a much higher light scattering than that found just with SDS micelles. It was also found that the Eu(III)/DS -complexes are formed with a binding ratio which varies between 20 and 4, depending on the initial concentration of Eu(III). As the concentration increases, turbidity occurs initially, but solutions become clear subsequently. In contrast to the behavior of SDS in the presence of aluminum(III), no flocculation was observed. From the analysis of electrical conductivity data and comparison with other systems, it is suggested that growth of aggregates happens, probably with formation of nonspherical systems. At the highest concentrations these may involve just Eu(III) and DS -ions. The effect of temperature on the SDS micellization process was studied. The calculated free energy of SDS micellization is not dependent on the initial EuCl 3 but is dependent on the final balance between the presence of counterions in solution (ionic strength) and the temperature.
Introduction
The aggregation of ionic surfactants in aqueous solution is influenced by the presence of electrolytes. The addition of an electrolyte will, in general, tend to induce the formation of aggregates at concentrations below the critical micelle concentration (cmc) of the pure surfactant, 1 while with many electrolytes, specific interactions between the surfactant ion and electrolyte counterion will lead to a reduction in solubility 2 and an increase in the Krafft temperature. 3 The cmc, aggregation number, and shape are also dependent on the electrolyte, counterion valence, polarizability, and size. [4] [5] [6] [7] [8] Normally, divalent or higher valent counterions are believed to lead to lower cmc values than the corresponding surfactant with monovalent counterions. [4] [5] [6] [7] [8] The study of interactions of ions of high valency with ionic surfactants is of practical importance in areas such as detergency (interactions and precipitation of ionic surfactants by multivalent counterions restrict the utilization of ionic surfactants in hard water) and recovery of surfactants from surfactant-based separation processes. 8, [9] [10] [11] [12] In addition, there is currently considerable interest in using ionic surfactants as templates for the preparation of mesosopic or mesoporous materials, 13 and the potential of the aluminum(III)/sodium dodecyl sulfate system in this area has been studied. 8 Of particular importance for aggregation in this system is the enhanced interaction between the high valent cation and anionic surfactant.
We have particular interest in the behavior of trivalent lanthanide ions, since they have attractive spectroscopic and magnetic properties. 14 Lanthanides have been used extensively as luminescent probes in the investigation of metal-binding sites in biological materials 15, 16 as well as in the study of surfactant association in solution. 17, 18 In addition, systems of SDS micelles with lanthanide ions have been used for studying magnetic field effects on geminate pair recombination of radicals, 19 or photoinduced emulsion polymerization, 20 and are also of increasing interest in relation to the mesomorphism of lanthanide salts of anionic amphiphiles for materials applications. 21, 22 Lanthanides incorporated in suitable mesoporous materials are also important for catalysis. 23 In a previous publication, 24 a luminescence, EPR, and Monte Carlo simulation study of the association of lanthanide cations with sodium dodecyl sulfate micelles was reported. It was found by various techniques that the trivalent lanthanide ions (Tb(III), Eu(III), Ce(III), and Gd(III)) bind to SDS micelles predominantly by electrostatic interactions and that there is no covalent bond between them. In addition, on binding the cation one hydration water molecule was lost. In the present paper, we describe the effect of Eu(III) on the structural properties of SDS over a wide concentration range around the cmc as seen by electrical conductivity measurements. This is complemented by results from luminescence and static light scattering. Particular attention is given to association processes which occur below the cmc of pure SDS ([SDS] < cmc). The effect of temperature on the Eu(III)/SDS interactions is also analyzed. 25 Cell constants were measured using the procedure described elsewhere. 26 Measurements were taken at 25.00, 30.00, and 40.00 ((0.01)°C using a Grant thermostat bath. Solutions were always used within 24 h of preparation. In a typical experiment, 100 mL of EuCl 3 solution was placed in the conductivity cell; then, aliquots of sodium dodecyl sulfate were added using a Methrom 765 dosimate micropipet. To maintain the constant concentration of Eu(III), the solvent used in the preparation of SDS solution was the same EuCl 3 solution placed in the conductivity cell. The conductance of the solution was measured after each addition and corresponds to the average of three ionic conductances, calculated from experimental data using homemade software.
Experimental Procedure

Fluorescence Technique.
For luminescence spectral measurements, a Spex Fluorog 111 spectrofluorimeter was used in a right-angle configuration with excitation at 393 nm, with 2.5 nm excitation bandwidth and 1.25 nm emission bandwidth.
Static light scattering measurements were carried out using a Spex 111 spectrofluorimeter in 90°configuration with the excitation monocromator set at 430 nm, and the emission spectrum scanned between 410 and 450 nm, following the indications of Mougán et al. 27 Excitation and emission slits of 1.25 nm were used.
2.4. pH Measurements. pH measurements were carried out with a Radiometer PHM 240 pH meter with an Ingold U457-K7 pH conjugated electrode; the pH was measured on fresh solutions, and the electrode was calibrated immediately before each experimental set of solutions using IUPAC-recommended pH 4 and 7 buffers. From pH meter calibration, a zero pH of 6.65 ((0.04) and sensitivity of 99.1% were obtained.
Results and Discussion
The effect of EuCl 3 (8 × 10 -6 to 6 × 10 -4 M) on the electrical conductivity of sodium dodecyl sulfate, at three different temperatures (25, 30, and 40°C), was analyzed. At all temperatures, the specific conductance of SDS/EuCl 3 solutions versus [SDS] shows a similar trend. At Eu(III) concentrations below 6 × 10 -5 M, the electrical conductance of SDS/EuCl 3 solutions upon addition of SDS is similar to that of pure SDS in aqueous solutions (e.g., Figure 1) ; 28 however, different behavior is observed at higher Eu(III) concentrations (>6 × 10 -5 M), with a loss in the linearity in the plots at low SDS concentrations (see inset, Figure  2 ). Before discussing possible causes for this, to test the validity of our methods, the critical micelle concentration of SDS in aqueous solutions at different temperatures was calculated using the second derivative of the specific conductance as a function of SDS concentration, as described elsewhere 29 . 30 In the presence of EuCl 3 , the apparent critical micelle concentration, cmc ap , of SDS was calculated using this same method. Figure 3 shows the effect of Eu(III) concentration and temperature on SDS cmc ap . It is known that, in general, the presence of nonassociated electrolytes 1 and some metal complexes 31 will induce the formation of SDS micelles. This may be due either to the effect of ionic strength on the aggregation phenomena of the surfactant 32 or, in the case of higher valent counterions, to a decrease in the cmc due to formation of the corresponding micelles of the surfactants of these ions formed by counterion exchange. 5-8 It has been reported from both experimental measurements and simulation studies that lanthanide ions show a strong tendency to associate electrostatically with SDS micelles. 24 Also, although no value was given, the cmc of lanthanum(III) dodecyl sulfate is suggested to be considerable lower than that of SDS. 33 In the present system, aggregates in this concentration region are likely to have both sodium and europium counterions. In fact, there appears to be a linear relationship, independent of temperature, of the cmc ap as a function of Eu(III) concentration, with a slope of 2.14 ((0.08). These changes are accompanied by the onset of turbidity. However, in contrast to what is seen with sodium dodecyl sulfate in the presence of aluminum(III) 11, 12 or DNA in the presence of trivalent lanthanide ions, 34 no precipitation is seen, and at higher concentrations the solutions become clear.
The analysis of the specific electrical conductance in the region below the cmc of pure SDS (Figure 2, inset) , coupled with a comparison of the behavior with that of SDS in the presence of aluminum(III), 8, 11, 12 suggests possible interpretations for the interaction mechanism between EuCl 3 and SDS. From the inset to Figure 2 , we can distinguish three regions with different slopes. Initially, the addition of SDS leads to an increase in the electrical conductance of the SDS/EuCl 3 mixture until an SDS critical aggregation concentration (cac 1 ) is reached, line I in Figure 2 . This corresponds to the region of onset of flocculation reported in systems involving SDS and the trivalent Al(III) ion, 11,12 and we believe it to be due to formation of mixed sodium and europium(III) dodecyl sulfate micelles. After this point, further increase in SDS concentration leads to a smaller slope of κ ) f( [SDS] ) until a maximum interaction concentration (mic) is reached, line II in Figure 2 . Under these conditions, mixed aggregate formation will occur, and consequently, the increase of electrical conductivity is not so significant (the size of aggregate ionic species increases and the observed increase in the specific conductance can be due to a release of counterions); finally, at [SDS] > mic, the shape of the plot of electrical conductance as a function of [SDS] concentration, in the presence of aqueous solutions of EuCl 3 , is similar to that found in pure aqueous solutions. Under these conditions, no more Eu(III) is available to induce Eu(III)/DS -aggregate formation and/or the maximum aggregation number is reached, and after this, SDS will be in excess, such that the solution behaves in a similar way to pure SDS in aqueous solution. Figure 4 shows the effect of EuCl 3 concentration in the cac 1 . The cac 1 decreases when [EuCl 3 ] increases and reaches a constant value at [EuCl 3 ] g 0.2 mM. This plateau is independent of temperature, within the experimental error (around 1%); that is, cac 1 ) 0.64, 0.65, and 0.66 mM to 25, 30, and 40°C, respectively. This can be contrasted with the rather complex effect of temperature on the micellization of a series of dodecyl sulfates of divalent metal ions. 35 These results suggest that EuCl 3 plays an important role in the formation of aggregates working as a limiting reactant in such aggregates, and supporting the idea that the plateau value of cac 1 (0.65 ( 0.1 mM) corresponds to the cmc of europium(III) dodecyl sulfate. Although we have been unable to find any literature values for comparison, this value seems very reasonable, since it is intermediate between the lower limit of the value for lanthanum(III) dodecyl sulfate (cmc g 0.22 mM) 33 and those of the dodecyl sulfates of the divalent ions Ca 2+ , Mg 2+ , Pb 2+ , Cd 2+ , and Zn 2+ (cmc values in the range 1.0-1.8 mM). 36 Further support for formation of SDS/EuCl 3 aggregates at low (below the cmc of pure surfactant) SDS concentrations comes from static light scattering and fluorescence measurements. Upon addition of europium(III) chloride to a 7 mM SDS solution, there is a dramatic increase in scattering intensity between 0.01 and 0.6 mM europium(III), consistent with the formation of micelles ( Figure 5 ). The light scattering in this case is significantly higher than that found when adding of EuCl 3 to a 11 mM SDS solution, where both SDS and europium/sodium dodecyl sulfate micelles are expected to be formed. This seems reasonable, since it is known from both fluorescence quenching studies 37 and EPR spin probe measurements 38 that micelle size is greater in the presence of higher valent ions than in pure SDS.
Lanthanide ions present well-defined luminescence resulting from f-f transitions. This may give information on both the coordination environment and the degree of hydration of these ions. 39 However, the f-f transitions of ions such as Eu(III) are generally forbidden by both spin and Laporte selection rules and, hence, have very low molar absorption coefficients. 40 This explains the very low fluorescence emission at 424 nm in the absence of SDS. In the presence of SDS, the emission of fluorescence clearly increases (Figure 6 ). Such behavior may be explained both by a decrease in the number of coordinated water molecules and by binding of Eu(III) to species of different charges, such as DS -, by forming new Eu(III)/DS -aggregates. 24 The results are fully consistent with the model of formation of Eu(III)/Na + dodecyl sulfate micelles below the cmc of pure SDS.
The possible effect of EuCl 3 hydrolysis 41 on the SDS cmc ap was studied. A decrease in the pH of the solution will tend to decrease the SDS association 42,43 and, consequently, will contribute to a cmc ap > cmc. Figure 7 shows that the hydrolysis of EuCl 3 leads to a decrease in pH from around 5.8 (pure water) to around 5.0; such a decrease corresponds to an increase of hydrogen ion concentration of about 8 µM. However, in the Eu(III)/SDS solutions a buffer-type effect occurs, which can be attributed to the SDS. 44 Under these circumstances (in the presence of SDS), the increase of hydrogen ion concentration is just 0.4 and 0.1 µM below and above the SDS cmc, respectively. This very low pH change cannot be responsible for the observed SDS cmc ap behavior.
A further question is if there is the formation of DS -/Eu(III) aggregates, can we estimate the binding ratio between them? Table 1 shows the values of the maximum interaction concentration (mic) for EuCl 3 /SDS aqueous mixtures, with suggest that probably the shape of the aggregate will change with increasing [EuCl 3 ], from a sphere to a cylindrical shape. This is in agreement with observations on the behavior of SDS in the presence of aluminum(III). 8, 11, 12 As discussed before, the cmc ap is higher than the SDS cmc. Comparison with the behavior of aluminum(III) suggests that this may correspond to the change from spherical to cylindrical aggregates; however, the cmc ap values can be corrected by taking into account the surfactant concentration necessary for complete association with all europium chloride present in solution. That is, the cac 2 ()cmc ap -[SDS] mic ) can be calculated and shown in Table 1 . The values of the cac 2 are lower than the cmc of SDS, showing that the onset of SDS micellization responds to added electrolyte, which is in agreement with the literature. 45 With analysis of the effect of EuCl 3 on the cac 2 , it is possible to check that a small increase of the cac 2 with an increase of Eu(III) occurs, but such an increase can be neglected on the basis of the experimental error. This is in agreement with the previous assumption that all EuCl 3 is consumed to form aggregates with SDS. For this reason, the average cac 2 values at 25, 30, and 40°C were calculated and are equal to 7.11 ((0.25), 7.58 ((0.21), and 7.18 ((0.13) mM, respectively. The alteration in standard Gibbs energy of the micelles due to the presence of Eu(III), or Eu(III) aggregates, in solution is given by the equation ∆G˚m ) RT ln(cac 2 /cmc), where cmc is the critical micelle concentration. From this equation, ∆G°m values of -383 ((88), -267 ((71), and -527 ((48) J/mol, at 25, 30, and 40°C, respectively, were calculated. Even when the experimental error is taken into account, it is still possible to observe a slight negative trend of ∆G°m values with increasing temperature. These results indicate that the SDS micelle stabilization, in the presence of Eu(III)/DS -aggregates, tends to be more pronounced at higher temperatures (i.e., in this case micellization is temperature-induced). Two major competing parameters may influence SDS micelle formation in the presence of europium(III) salts: temperature and ionic strength (due to the presence of Eu(III)/DS -aggregates and their counterions). 46 Since the cmc normally depends very little on temperature, 47 the predominant effect seems to be the high ionic strength due to the trivalent cation. In contrast, an increase of temperature would tend to disturb the aggregate packing and, consequently, lead to an increase of counterions in solution. In conclusion, an increase of temperature may tend to have a synergistic effect on the ionic strength, which may justify the decrease of ∆G°m with an increase of temperature.
Conclusions
Conductometric analysis is shown to be a reliable technique to study the interactions between europium chloride and sodium dodecyl sulfate in aqueous solution. For Eu(III) concentrations below 0.08 mM and for [SDS] above 0.08 mM, two different aggregates were detected. At low SDS concentrations, the formation of Eu(III) and DS -micelles was indicated and confirmed by fluorescence analysis, with a critical micelle concentration for europium(III) dodecyl sulfate of 0.65 mM. From the similarity of chemical behavior of the trivalent lanthanide ions, the cmc values of the other lanthanide (III) dodecyl sulfates are expected to lie in the same concentration range. From theoretical models of micellization of ionic surfactants, 48, 49 electrostatic effects are likely to play a major role in aggregation in these systems, and the surface charge density of the micelles 37 will be a determining factor both in the type and size of aggregates produced. However, there is also increasing evidence of the importance of loss of counterion hydration water molecules on formation of surfactant micellar or reversed micellar aggregates, 24,50,51 leading to complexation between surfactant and counterion, and it is possible that such dehydration effects may also have an influence on the binding in this case. The binding ratio, SDS:EuCl 3 , is dependent on EuCl 3 initial concentration, changing from 20 to around 5-4 when [EuCl 3 ] increases. Such a change can be justified by an alteration of the aggregate shape. At high concentrations, formation of cylindrical aggregates is suggested, in agreement with reports on the behavior of aluminum dodecyl sulfates. 8, 11, 12 However, the pH dependence in the presence of europium(III) appears to be somewhat different from and less significant than that with aluminum(III), probably due to the smaller degree of hydrolysis of the lanthanide ion. 41 Because of this, it should be possible to design lanthanide/aluminum systems using SDS as surfactant templates for the preparation of Eu containing mesosopic or mesoporous materials based simply on the behavior of the aluminum(III) SDS system. Studies on this are in progress. 
